Objective: The objective of this article is to obtain detailed quantitative assessment of cerebellar function and structure in unselected migraine patients and controls from the general population. Methods: A total of 282 clinically well-defined participants (migraine with aura n ¼ 111; migraine without aura n ¼ 89; non-migraine controls n ¼ 82; age range 43-72; 72% female) from a population-based study were subjected to a range of sensitive and validated cerebellar tests that cover functions of all main parts of the cerebellar cortex, including cerebrocerebellum, spinocerebellum, and vestibulocerebellum. In addition, all participants underwent magnetic resonance imaging (MRI) of the brain to screen for cerebellar lesions. As a positive control, the same cerebellar tests were conducted in 13 patients with familial hemiplegic migraine type 1 (FHM1; age range 19-64; 69% female) all carrying a CACNA1A mutation known to affect cerebellar function. Results: MRI revealed cerebellar ischemic lesions in 17/196 (8.5%) migraine patients and 3/79 (4%) controls, which were always located in the posterior lobe except for one control. With regard to the cerebellar tests, there were no differences between migraine patients with aura, migraine patients without aura, and controls for the: (i) Purdue-pegboard test for fine motor skills (assembly scores p ¼ 0.1); (ii) block-design test for visuospatial ability (mean scaled scores p ¼ 0.2); (iii) prism-adaptation task for limb learning (shift scores p ¼ 0.8); (iv) eyeblink-conditioning task for learningdependent timing (peak-time p ¼ 0.1); and (v) body-sway test for balance capabilities (pitch velocity score under two-legs stance condition p ¼ 0.5). Among migraine patients, those with cerebellar ischaemic lesions performed worse than those without lesions on the assembly scores of the pegboard task (p < 0.005), but not on the primary outcome measures of the other tasks. Compared with controls and non-hemiplegic migraine patients, FHM1 patients showed substantially more deficits on all primary outcomes, including Purdue-peg assembly (p < 0.05), block-design scaled score (p < 0.001), shift in prism-adaptation (p < 0.001), peak-time of conditioned eyeblink responses (p < 0.05) and pitch-velocity score during stance-sway test (p < 0.001). Conclusions: Unselected migraine patients from the general population show normal cerebellar functions despite having increased prevalence of ischaemic lesions in the cerebellar posterior lobe. Except for an impaired pegboard test revealing deficits in fine motor skills, these lesions appear to have little functional impact. In contrast, all cerebellar functions were significantly impaired in participants with FHM1.
Background
A range of clinical neurophysiological and functional imaging studies have suggested that migraine might be associated with cerebellar dysfunction (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . However, these studies were all conducted in patients who were selected from headache clinics and thus likely are on the more severe end of the clinical spectrum. Moreover, tests were not analysed blinded for diagnosis, and most migraine patients were using antimigraine medications potentially interfering with cerebellar function. Therefore, it is still uncertain whether migraine is associated with cerebellar dysfunction, and, if so, to what extent and why? Is cerebellar dysfunction due to the increased prevalence of cerebellar ischaemic lesions in migraine patients or is there a more functional explanation similar to what's seen in familial hemiplegic migraine type 1 (FHM1) (11, 12) ? Although a systematic quantitative assessment of cerebellar function in FHM has never been conducted, many FHM1 patients have signs of cerebellar ataxia on clinical examination (13) . In the present study we systematically and quantitatively assessed in detail (i) motor and non-motor cerebellar function, (ii) presence and distribution of ischaemic lesions in the cerebellum and other parts of the brain, and (iii) the relationship between cerebellar lesions and dysfunction in 200 unselected patients with migraine with or without aura from the general population. The results were analysed blinded for diagnosis and compared with those obtained in 82 non-migraine control individuals and, as a positive control, 13 patients with genetically proven FHM1.
Methods Participants
Individuals with migraine with aura (n ¼ 111, MA) or without aura (n ¼ 89,MO) and non-migraine controls (n ¼ 82) were all participants from the populationbased Cerebral Abnormalities in Migraine, an Epidemiological Risk Analysis Cohort (CAMERA II) study, which was primarily aimed at assessing longitudinal progression of brain lesions on magnetic resonance imaging (MRI) (14) . All participants were invited to undergo cerebellar functions tests on the day MRI was performed. Participants were allowed to complete some or all tests, according to available time on the test occasion. No specific selection criteria were used. The study individuals were not informed about the specific goals of each test to avoid selection bias. Fifteen patients with genetically proven FHM1 were invited as positive controls, 13 of whom (mean age 42 years, range 19-64; 69% female) agreed to participate.
All individuals with migraine were investigated in between attacks (at least two days after a previous and before a next attack). Thus, participants who developed an attack within 48 hours following data collection were retested later. All participants were interviewed on the use of medication, alcohol, or sedatives in the 24 hours prior to examination. Informed consent was obtained according to the Declaration of Helsinki. The Human Research and Review committee at the Leiden University Medical Center approved study procedures.
Neurological examination
All clinical examinations, tests, and data-processing were conducted by HK and IPM, who remained blinded for the individual diagnoses and clinical characteristics of the participants throughout the study (Table 1 ).
MRI
Whole-brain MR images were acquired using a 1.0T system in Doetinchem (Magnetom Harmony; Siemens AG, Erlangen, Germany) and 1.5T scanner in Maastricht (ACS-NT; Philips Medical Systems, Best, The Netherlands). For additional information see online supplemental information.
Cerebellar tests
The cerebellar tests we used assess functions mediated by cerebrocerebellum, spinocerebellum, and vestibulocerebellum. The Purdue pegboard test is a specific test of fine motor skills (15) , the Wechsler Adult Intelligence Scale, third edition (WAIS-III) block-design test assesses visuospatial ability to rotate objects mentally (16), the prism adaptation task tests subconscious arm movement learning (17), the eyeblink conditioning task tests acquisition of conditioned responses and learningdependent timing of these responses (18, 19) and the body-sway test evaluates balance capabilities (20) (21) (22) . For additional information on all separate cerebellar tests, see online supplemental methods and e- Figure 1 .
Statistical analyses
Participants with MA, MO, controls and FHM1 patients were averaged as separate groups and analysed in a comparative fashion off-line. Characteristics and neurological examination dichotomous variables were analysed with Chi square, and continuous variables with one-way analysis of variance (ANOVA). For the pegboard, block-design, prism adaptation test and bodysway task, one-way ANOVA was used. For comparison of latencies to peak-time in the valid trials between groups during eyeblink conditioning, we used the Kruskal-Wallis analysis, as data were not normally distributed (with post-hoc analysis between two groups). For conditioned response (CR) onset, CR peak-amplitudes, and percentage of CRs in the valid trials between groups, we used a one-way ANOVA. For the body-sway test roll angle and angular velocity as well as pitch angle and angular velocity were analysed using the 90% range automatically produced by Swaystar software. For Swaystar analysis linear regression was used to adjust for age and body mass index (BMI). For analysis of cerebellar tests vs ischaemic lesions, groups (with and without ischaemic lesions) were compared using Chi square or one-way ANOVA. Analyses were performed using SPSS 20.0 with significance levels set at 0.05. In addition, we used conservative p value for multiple comparisons applying Bonferroni correction for multiple comparisons set at p 0.01.
Results

Neurological examination and MRI
Migraine and control individuals did not differ on baseline characteristics and physical neurological examination. Participants with FHM1 were on average younger and more frequently left-handed, and more frequently showed limb hypermetria and other signs of ataxia (Table 1) .
In total 20 participants had cerebellar ischaemic lesions: 11/110 (10%) of those with MA, 6/86 (7%) of those with MO, and 3/79 (4%) of the controls ( Supplemental table) . Examples of different sizes of cerebellar silent infarcts in migraineur subjects are shown in Figure 1 . Recent MRI was available in only three participants with FHM1 and no cerebellar infarcts were present. Except in one control, these lesions were always located in the posterior lobe in the cerebellar hemispheres and paravermal region; no lesions were observed in the vermis or vestibulocerebellum ( Supplemental table) . Participants with cerebellar ischaemic lesions more frequently were left-handed compared to those without such lesions (5/20 (25%) vs 15/251 (6%); p ¼ 0.01; handedness unknown in four participants), but otherwise comparable for age, educational level and neurological examination. 
Cerebellar tests
Purdue pegboard task. A total of 282 participants (111 MA, 89 MO, and 82 controls) underwent Purdue pegboard investigation. There were no differences between the three groups on the assembly task or any of the other outcome measures ( Table 2 ). The 20 individuals with a cerebellar ischaemic lesion performed significantly worse on most pegboard tasks (assembly task 5.9 vs 7.3, p ¼ 0.002; number of pegs with right hand 12.4 vs 13.6 in non-infarct group, p ¼ 0.03; and number of pegs with both hands 9.4 vs 10.8, p ¼ 0.001) ( Supplemental table) . Among migraine patients the 17 with cerebellar ischaemic lesions on average performed worse than the 183 migraine patients without such lesions (assembly task 5.9 vs 7.3, respectively, p ¼ 0.005; number of pegs with right hand 11.8 vs 13.5, p ¼ 0.003; and number of pegs with both hands 9.5 vs 10.9, p ¼ 0.006) ( Supplemental table  and Table 2 ). Participants with FHM1 (n ¼ 12) performed significantly worse on the assembly score (p ¼ 0.04) and right-handed tasks (p ¼ 0.03), but not on the other pegboard scores ( Table 2) .
Block-design test. A total of 202/282 (72%) participants (82 MA, 62 MO, and 58 controls) underwent the block-design test. The scaled score (primary endpoint) as well as the raw score and percentage within the highest tertile of scaled score (secondary endpoints) were not significantly different between migraine patients with or without aura and controls ( Table 3) . Participants with cerebellar ischaemic lesions (n ¼ 9) did not perform worse than those without ( Supplemental table and Table 3 ). Participants with FMH1 (n ¼ 12) obtained significantly lower scores on the block-design test than the other three study groups. None of the participants with FHM1 was in the highest tertile of scaled scores (Table 3) .
Prism adaptation test. A total of 132/282 (47%) individuals (49 MA, 44 MO, and 39 controls) participated in the prism goggles adaptation test (Table 4 ). Accurate goal-directed hand movements towards the target were similar in all three study groups. No significant differences between groups in prism-induced hand movement adaptation (primary endpoint; phase five vs phase two) or movement variability ( Figure 2 ; Table 4 ) were found. Of 128 participants in the prism adaptation test who also underwent MRI, seven had cerebellar ischaemic lesions, five of whom had MA. No differences were found between these small sub-groups (Supplemental Table and Table 4 ).
In the 12 participants with FHM1 the prism-induced hand movement adaptation was greatly reduced compared to the other groups, both with regard to the general adaption (phase five vs phase two) and mean horizontal shift of task five (in both cases, four group comparison p < 0.001; Figure 2 ). Eyeblink conditioning. We performed eyeblink conditioning in 104/282 (37%) participants (38 MA, 35 MO, and 31 controls). Latency to onset, latency to peak-time, peak-amplitude, and percentage of conditioned responses did not differ between the three study groups (Figure 3 (d)-(g); Table 5 ). Adjusting for gender and age did not alter these findings. Cerebellar ischaemic lesions were found in 6/103 of the participants who also underwent MRI; three with MA, two with MO, and one control. Four of these lesions were located in the posterior paravermis and two in the posterior hemisphere, but none in the critical eyeblink region HVI (10,23) (see also supplemental table). No differences in latency to peak-time (p ¼ 0.5) or peakamplitude (p ¼ 0.1) of the conditioned responses were found between participants with and without cerebellar ischaemic lesions. In participants with FHM1 (n ¼ 11) mean latency to onset and peak-time of conditioned responses deviated significantly (p ¼ 0.001 and p ¼ 0.01, respectively) from the other study groups; both time points occurred earlier, preventing optimal closure of the eyelid when the unconditioned stimulus was about to occur (Figure 3 (c)-(e)). In addition, the mean peak-amplitude of participants with FHM1 was significantly smaller (p ¼ 0.045) than the amplitudes in the other three study groups (Figure 3 (c), (f)). When looking at percentage of CRs before (block 1) and after training (maximum percentage in block 6, 7 or 8), all three study groups showed a similar significant increase (before training between groups p ¼ 0.9, one-way ANOVA; after training between groups p ¼ 0.8, one-way ANOVA; before training vs after training p all groups <0.001, paired t-test) (Figure 3(g) ).
Together these data show no difference in conditioning between controls and participants with migraine. On the other hand, participants with FHM1 learn to make the association between conditioned and unconditioned stimulus (similar CR percentages), but are unable to produce a strong, properly timed eyeblink ( Table 5 ).
Body-sway task. In total 177/282 (63%) participants (71 MA, 53 MO, and 53 controls) completed the bodysway task. Most subjects completed the two-legged stance condition 155/177 (88%), compared to 136 participants (77%) for walking condition and 77 participants (44%) who completed the one-legged stance step condition. The proportions of participants who could complete the separate conditions did not differ among the three study groups; neither did the other body-sway parameters such as roll angle, roll velocity, pitch angle, and pitch velocity ( Table 6 ). This remained so after adjusting for age and BMI.
Brain imaging was available for 174/177 (98%) participants, eight of whom (seven with migraine) had a cerebellar ischaemic lesion. These performed equally well on all sub-tasks of the body-sway test as the participants without such a lesion (data not shown).
When including participants with FHM1 in a fourgroup comparison with controls and participants with migraine with or without aura, pitch angle velocity (F (3,164) ¼ 24.1, p < 0.001) and pitch angle (F (3,164) ¼ 13.3, p < 0.001) were significantly different. Post hoc analysis using the Bonferroni-test showed that for the two-legged stance condition the mean pitch angle velocity (4.2; SD 2.2) and pitch angle (2.2; SD 0.8) for participants with FHM1 were significantly higher than those in controls and participants with migraine with or without aura (Figure 4) . These differences remained so after adjustments for BMI and age (see Model 1 in Table 6 ). None of the participants with FHM1 could complete the one-legged stance step condition. When evaluating all six individual tasks of this test separately, sway measurements were significantly increased in both pitch and roll directions in participants with FHM1 compared to the other groups ( Table 6 ). During the walking condition post hoc comparisons using the Bonferroni-test indicated that the mean pitch velocity for participants with FHM1 
Discussion
We tested the hypotheses (i) that migraine is associated with cerebellar dysfunction and (ii) that this might be due to increased prevalence of cerebellar ischaemic lesions. To this end we systematically assessed motor CR amplitude expressed as percentage from full eyelid closure. When looking at CR percentage before (block 1) and after training (maximum percentage in block 6, 7 or 8), all groups showed a significant increase (p all groups < 0.001). MA: migraine with aura; MO: migraine without aura; FHM1: familial hemiplegic migraine type 1; MRI: magnetic resonance imaging; NA: not applicable; SD: standard deviation. Figure 3 . Continued startle response (latency to peak 10-150 ms) and cerebellar conditioned responses (CRs; latency to peak 150-600 ms). The peakamplitude for all responses was expressed as the percentage of the averaged peak-amplitude in all US-only trials for that participant. Arrows indicate: 1 unconditioned response (UR) peak-amplitude, 2 CR peak-amplitude, 3 CR onset, 4 CR peak-time, 5 UR onset, 6 UR peak-time, and 7 2 Â SD of 500 ms pre-CS baseline period. and non-motor cerebellar function of unselected but well-defined migraine patients with or without aura from the general population by using an array of sensitive and validated tests covering all main functions of the cerebellar cortex. In addition, all participants underwent brain MRI to screen for cerebellar lesions. Results were compared with those obtained in non-migraine controls and, as a positive control, participants with genetically proven FHM1. Whereas participants with FHM1 performed worse compared both to controls and participants with non-hemiplegic migraine on the primary outcomes of all behavioural tests, participants with non-hemiplegic migraine did not differ from non-migraine controls for: (i) fine motor speed and coordination as evaluated with the Purdue pegboard task; (ii) perceptual intelligence and motor function as evaluated with the WAIS-III block-design test; (iii) cerebellar motor coordination and learning of limb movements as evaluated with the prism adaptation test; (iv) associative cerebellar motor learning evaluated with the eyeblink conditioning paradigm; and (v) vestibular motor coordination and adaptation as evaluated with the body-sway test. Participants with migraine who had cerebellar ischaemic lesions performed worse on some parameters of the pegboard task, but not on the other cerebellar motor tasks.
Cerebellar function in migraine patients from the general population
The present study is the first to assess cerebellar function in detail over a wide range of modalities in a large and unselected but clinically well-characterised group of migraine patients from the general population. Whereas previous studies suggested subclinical cerebellar dysfunction in migraine patients who were drawn from headache clinics (1, 6, 10) , we failed to find any evidence of impaired cerebellar function in the 'average migraine patient' from the general population despite using a diverse set of highly sensitive clinical tests. We employed a wide array of tests, which together cover functions of all main parts of the cerebellar cortex including cerebrocerebellum (hemispheres; e.g. Purdue pegboard task, block-design test and eyeblink conditioning), spinocerebellum (vermis and paravermis; e.g. prism adaptation test and eyeblink conditioning) and vestibulocerebellum (flocculus and nodulus; e.g. bodysway test) (23) (24) (25) (26) (27) (28) (29) (30) . The cerebrocerebellum receives input from the cerebral cortex and mainly controls planning of movements, while the spinocerebellum and vestibulocerebellum receive inputs from spinal cord and brainstem regions involved in sensory proprioceptive, vestibular and visual processing and mainly control execution of limb, eye and head movements (31) (32) (33) . Moreover, the tests probably also cover functions of both the anterior and posterior lobe (25, 26, (28) (29) (30) . The posterior lobe may differ from the anterior lobe in that it may be more prominently involved in non-motor cognitive and autonomic functions (31, (34) (35) (36) (37) , and/or visuomotor planning (32) .
Our results diverge from those obtained in other studies (1, 2, 6, 10) . These studies were small and included migraine patients who were all selected from headache clinics. As a consequence, many of these patients most likely were on the more severe end of the clinical migraine spectrum and were using antimigraine medications potentially interfering with cerebellar functions. Moreover, the researchers in these studies were not blinded for diagnosis while using only single test paradigms such as the pointing paradigm or posturographic measures of sway (1, 6) , which are potentially open for bias. We don't believe the contrasting findings were due to use of different tests. The pointing paradigm resembles the prism paradigm we used in that it also compares motor output of the forelimbs before and after manipulating visual feedback and the posturographic measures of sway were similar to our body-sway test (1, 6) . Conditioned eyeblink responses measured with the use of electromyography (EMG) (10), can be readily repeated with the more sensitive Magnetic Distance Measurement Technique (MDT) method used in the current study (19) . Finally, as we did find significant differences in a relatively small group of FHM1 patients with the same set of tests, we are reassured that the tests we employed were sufficiently sensitive to detect differences. Thus, in contrast to previous findings (1, 7, 8, 38) , our findings argue against the hypothesis that cerebellar function is altered in the average migraine patient. Moreover the results of our study underline the importance of including unbiased study populations and ensuring that investigators are blinded for clinical diagnosis.
The effect of cerebellar ischaemic lesions on cerebellar function
A conspicuous advantage of our study was that virtually all migraine patients and controls (275/282; 98%) were subjected to detailed brain MRI as part of the CAMERA-2 study. In total 20/275 (7%) individuals, 17 with migraine and three controls, showed cerebellar ischaemic lesions, eight had an isolated cerebellar ischaemic lesion. Migraine patients with cerebellar ischaemic lesions performed significantly worse on multiple outcomes of the pegboard task including the assembly score, number of pegs with right hand and number of pegs with both hands. However, outcome parameters of all other cerebellar tests were not affected. Why we detected deficits only with the pegboard test remains elusive. Possibly the cerebellar ischaemic lesions were accidently selectively localised in the cerebellar lobules involved in pegboard performance, but not the other tests. Such an explanation would be in line with the finding that the patients with impaired pegboard performance all showed larger lesions mainly in the posterior lobules (Supplemental table) , which is the cerebellar region presumably responsible for this task (29, 31, 34) . The anterior lobe can also contribute to limb movements (39) . However, as indicated by several studies (29, 31, 34) the fine finger movements, as tested intensely by the pegboard test, rely mainly heavily on the loop between the posterior cerebellum and cerebral cortex. Alternatively, performance of the pegboard task might also depend on cerebral cortical function (29) , and the individuals suffering from impaired pegboard performance might accidently show ischaemic lesions in both the cerebellum and supratentorial regions (possibly even including whitematter lesions). Such a hypothesis would be compatible with findings by Brighina and colleagues (7) , who found in MA patients a significant deficit in cerebellar inhibition of cerebral cortical processing following conditioning with transcranial magnetic stimulation. However, several of the migraine patients with both cerebellar and supratentorial lesions had a good score on the pegboard task (supplemental table 2), whereas many with a bad score had no signs of cerebral cortical lesions. Studies at even higher MRI resolution and including even larger numbers of patients with possibly even more specific tests and multivariate lesion symptom mapping approaches might help to resolve this issue (40) .
Cerebellar function in FHM1
In contrast to migraine patients, FHM1 patients showed impaired cerebellar function with significant differences for all primary and most secondary outcome measures of all five cerebellar function tests. As our group of FHM1 patients was small (n ¼ 13) and their average age was about 15 years younger (Table 1) , the differences we found are likely to underestimate the true difference with non-hemiplegic migraine patients and controls. Our test findings were in line with the findings on physical examination and are in agreement with other studies on figural memory and executive function in FHM1 patients (41) . Body-sway in FHM1 patients was particularly increased in the anterior-posterior direction, which is in line with findings in spinocerebellar ataxia patients (42) . The symptoms of impaired motor and non-motor cerebellar function in FHM1 patients probably initially result directly from a different calcium influx in their Purkinje cells, the simple spike output of which is highly irregular early on (43, 44) . These electrophysiological aberrations have been shown to be sufficient to cause ataxia (43, 45, 46) , but they will also induce changes in energy consumption and contribute to cerebellar degeneration over time (47, 48) . Thus, the combination of these pathophysiological mechanisms following the FHM1 CACNA1A mutation increasingly affects the capabilities for motor learning and consolidation, and ultimately leads to motor performance problems and overt signs of ataxia (45) . However, as we did not have (recent) MRI imaging of most FHM1 patients, any effect of possible macroscopical structural lesions on cerebellar function can also not be ruled out.
Key findings
Migraine does not appear to be associated with cerebellar dysfunction, except perhaps in the most severely affected patients and in those with cerebellar ischaemic lesions that may affect some parameters of the pegboard task.
Patients with FHM1 show robust and general signs of cerebellar deficits, both at the level of motor and cognitive function, presumably reflecting disturbances in Purkinje cell calcium dynamics.
Clinical implications
. Cerebellar function is not impaired in migraineurs from the general population.
. Silent cerebellar infarcts found in migraineurs can impair fine motor skills.
